Carbon nanotubes-supported Pt nanoparticles were loaded using a microwave oven on the defective carbon nanotubes generated by an additional oxidant during acid treatment. The authors' Raman spectra and x-ray diffraction analysis demonstrated that defects created during oxidation and microwave treatment acted as nucleation seeds for Pt adsorption. The generated Pt nanoparticles had the size distributions of 2 -3 nm and were uniformly distributed on the defects of carbon nanotubes. The authors' density functional calculations showed that the adsorption of Pt atom on the vacancy of nanotube was significantly stronger by s-p hybridization with carbon atoms near the defect site.
Fuel cell has been suggested for a promising power source for future industry due to its environment-free waste. One essential component of determining the efficiency of fuel cell is the catalyst. The efficiency of the catalyst is strongly correlated to the monodispersion in nanometer sizes less than 3 nm and uniform distribution of Pt nanoparticles on the carbon supporter, which rely on the loading method. Another important factor is the choice of supporting material that affects the adhesion and dispersion of catalysts. Furthermore, the minimum resistivity of the supporting material is also required for efficient electron transport.
Several approaches have been tried with different materials such as carbon blacks, nanohorns, and cup-stacked carbon nanofibers.
1-3 These approaches demonstrated high Pt loading content but the size of Pt particles exceeded 3 nm. Another issue is the conductivity of the supporter. The conductivity of these supporters is not expected to exceed that of carbon nanotubes ͑CNTs͒ that revealed superb electrical properties. 4, 5 For this reason, the CNT has been introduced recently as a Pt supporter. Numerous methods of loading Pt on CNTs have been suggested. [6] [7] [8] Because the loading content of Pt on pure CNTs was not sufficient, and/or the size of Pt particles was too large, the functionalized CNTs by acid treatment, amine groups, and thiol groups have been introduced. 9, 10 In spite of intensive researches in Pt loading on CNTs, the fundamental mechanism on how Pt can be adsorbed on CNTs is still far from being clearly understood.
In this report, the microwave-assisted Pt loading was conducted on multiwalled carbon nanotubes ͑MWCNTs͒. The MWCNTs were first oxidized in strong acid with an addition of an oxidizing agent. We found that the areal intensity ratio of the D band to the G band in Raman spectra and ͑002͒ peak intensity of nanotubes from x-ray diffraction ͑XRD͒ spectra as a function of microwave treatment times were strongly correlated to the Pt loading amount. The role of defects that were generated on CNTs walls during microwave treatment was explained with an assistance of density functional calculations for various defects.
Highly purified MWCNTs synthesized by chemical vapor deposition method were purchased from Iljin Nanotech Co. Ltd. This sample was further annealed at 1500°C in vacuum of 5 ϫ 10 −7 Torr for 2 h to remove metal content. The remaining metal ͑oxide͒ content was less than 2 wt %. This sample was regarded as a pristine sample. The pristine sample was stirred in 70% of nitric acid with 0.2M oxidizing agent ͑NaClO 3 ͒ at 60°C for 12 h. This oxidized MWCNT powder of 40 mg was immersed in ethylene glycol solvent of 25 ml with H 2 PtCl 6 of 4 ml and polyvinylpyrrolidone ͑PVP͒ of 0.4 g with a molecular weight of 10 000 and further sonicated for less than 5 min. The role of PVP is to disperse Pt particles uniformly on CNTs and furthermore control the monodisperse size of Pt particles. 11 KOH solution of 0.5-1.5 ml was added to control pH within the range of 7-8. This MWCNT solution was treated in microwave oven for 1 -10 min. The solvent was evaporated during microwave treatment and condensed back again by refluxing. The MWCNT/Pt solution was filtrated through a membrane filter of pore size of 0.45 m and dried in oven for 12 h. The remaining materials on the filter were annealed in vacuum oven at 600°C for 30 min to remove PVP. Potassium was not detected in the final sample. Transmission electron microscope ͑TEM͒ ͑field emission JEM 2010F, JEOL at 200 keV͒ was used to see the formation of Pt particles. Raman spectroscopy ͑Ranishaw RM1000-InVia͒ was used to study the defect formation with an excitation energy of 1.96 eV. The Powder XRD ͑D8 FOCUS, BRUKER AXS at 2.2 kW͒ was used to estimate the crystallinity of nanotubes. In thermogravimetric analysis ͑TGA͒, the sample was burned in air with a ramping rate of 5°C / min until 1000°C after annealing in nitrogen gas ambient at 200°C.
In order to utilize CNTs as a Pt carrier electrode, a sufficiently high binding energy between Pt and the CNT wall is necessary. 12 For studying the binding energy and geometry of Pt atom with CNTs, the first-principles calculations were performed by using the DMOL 3 code within density functional theory 13 ͑DFT͒ with generalized gradient approximation ͑GGA͒.
14,15 DFT semicore pseudopotentials were used to describe the interaction between the core and valance electrons. We used a double numeric polarized basis set that is spin polarized. We took a global real space orbital cutoff of atomic basis set to be 4.0 Å. Geometry optimizations and their energetics have been performed by using periodically repeating super tetragonal unit cells with a and b lattice constants of 20 Å for ͑5,5͒ CNTs, which are large enough to neglect the interaction between adjacent nanotubes. We calculated structures of Pt adsorption on pure, Stone-Wales, vacancy, oxygen-pure, and oxygen-vacancy CNTs. The adsorption energy of Pt was calculated as the difference between the total energies of the adsorbed system and the separate species: Figure 1͑a͒ presents the image of TEM from the pristine sample. Since the sample was heat treated 1500°C, the crystallinity of the MWCNT surface was enhanced. Some defect states still remained in the MWCNT surface. As a consequence, Pt nanoparticles were deposited on the MWCNT surface but the density of Pt nanoparticles was quite low, as can be seen in the inset. The Pt content determined from TGA was 10 wt %. On the other hand, the same microwavetreated sample with oxidizing agent created numerous defective sites in the MWCNT walls in Figs. 1͑b͒-1͑g͒ , in good contrast with those in Fig. 1͑a͒ . The Pt content was significantly increased to 32 wt % in this case. It is interesting to note that Pt nanoparticles were anchored mostly on the defect sites, as shown in Figs. 1͑c͒-1͑g͒ . The MWCNT walls were damaged during microwave treatment with oxidizing agent. Vacancies, kinks, and amorphous carbons were likely to be created, where some of them were visible in Figs.  1͑c͒-1͑g͒ .
The generation of defects can be monitored by the D band in Raman spectroscopy. 16 Two characteristic peaks near 1320 and 1600 cm −1 were presented in MWCNTs, as shown in the pristine sample. The former is known as the D band, and associated with the defect-related mode, whereas the latter is known as the G band, and related to the graphitic hexagon-pinch mode. Since the D band was broad, this was integrated and further normalized with respect to the G band. The simple stirring of the pristine sample with oxidizing agent increased the ratio of the D band to the G band ͑R value͒ from 1.12 to 1.56. More defects were created during oxidation. With further microwave treatment with Pt loading ͑20 wt % ͒, the R value was reduced to 1.32 from 1.56, as shown in Fig. 2͑c͒ . The peaks of the D band and the G band were upshifted. This trend became more severe when the loading amount was increased to 32 wt %. ͓Fig. 2͑d͔͒. The R value was further reduced to 1.28. This upshift in the D and G bands and the reduction of the R value could be related to the strong bonding between carbon defects and Pt atoms. Since H 2 PtCl 6 are positively charged in water, they act like an electron acceptor when loaded. This causes the blueshift of the G-band peaks. 17 Another possibility is that Pt atoms can saturate the defect site; for instance, the vacancy can be saturated by the deposition of Pt atoms. This forms pseudohexagons and likely upshifts the D-band and G-band peaks. This will be discussed in more detail in the theory part later.
In addition to the defect generation by oxidizing agent, defects were also generated during microwave treatment. Figure 3͑a͒ presents the R value and graphite ͑002͒ peak intensity in XRD as a function of microwave exposure time. The R value reached the maximum at 6 min and decreased at large exposure time. On the other hand, the XRD intensity revealed the maximum at large exposure time, i.e., the crystallinity of CNTs was improved. The Pt loading content was measured by TGA and shown in Fig. 3͑b͒ . The Pt loading amount was maximum at 6 min, where more defects were generated, and minimum at large exposure time, where the number of defects was minimized. At large exposure time, we noted that the outer walls were MWCNTs were peeled off and the number of walls was reduced by 3-5. This was confirmed by TEM images and will be discussed in detail elsewhere. This leads us to conclude that the number of defects was strongly correlated with the loading amount.
The formation of the strong bonding of Pt atoms with defects on the CNT wall can be rationalized by our total energy calculations. Figure 4 presents the minimum energy configuration of each type of defects after geometry optimization by GGA. Pt atom preferred to adsorb on the bondcenter site of the pure CNTs, as shown in Fig. 4͑a͒ with relatively weak adsorption energy of −2.19 eV. The adsorption energy of Pt adsorption on Stone-Wales defect ͓Fig. 4͑b͔͒ was not much stronger than that on pure CNTs, by forming the similar bond-center position in heptagon region. On the other hand, Pt atom can be strongly bound to the vacancy site by forming a hexagon, as shown in Fig. 4͑c͒ . Pt atom was stabilized by simply saturating the dangling bonds of adjacent carbon atoms in the vacancy. This configuration revealed the largest adsorption energy of −6.22 eV. We also considered the vacancy to be oxidized in advance, since this is more likely observed in experimental situation. Oxygen atom saturates two dangling bonds at the carbon bridge site. 18 The subsequent Pt adsorption takes place at the adjacent bond-center site similar to that of pure CNTs with an adsorption energy of −2.24 eV, as shown in Fig. 4͑d͒ . When the oxygen atom adsorbs on the top site of carbon atom at the vacancy as shown in Fig. 4͑e͒ , Pt preferred to sit at the hexagon site similar to the vacancy case. The adsorption energy was stronger than that of oxygen-bond-center site. The detail of the calculations will be described elsewhere. What we learned from these preliminary calculations was that Pt atom preferred to adsorb on the defect site such as vacancy with relatively strong adsorption energy, whereas the adsorption on pure CNTs and Stone-Wales defects was unlikely to be observed. The hexagonal site is the stable position which explains the reduction of the D band in Fig. 3 . The Pt adsorption can be oxygen mediated as well in the case of oxidized CNTs.
In summary, we have investigated Pt adsorption on MWCNTs. When the nanotubes were oxidized with oxidizing agent and further microwave treated, the Pt loading content was significantly enhanced compared to the sample without treatment in oxidizing agent. Raman, XRD, and TEM analyses with an assistance of density functional calculations suggest that Pt atoms preferred to adsorb on the defect generated by the oxidizing agent and microwave treatment with large adsorption energy. An additional use of PVP dispersant promoted the formation of monodisperse Pt nanoparticles in sizes less than 3 nm uniformly on CNT surfaces. 
